Abstract: A fully integrated heterogeneous silicon/III-V colliding pulse mode-locked laser with tunable on-chip optical feedback operating in the O-band is extensively investigated. The 19-GHz colliding pulsed laser operates in a wide mode-locking regime with good mode locking quality. By precisely controlling the strength and phase of the on-chip optical feedback signal, the laser exhibits clear periodic pulse shortening effects. The RF 3 dB linewidth was reduced by a factor of 4.7 down to 6 kHz, as compared to the free running state. 
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Introduction
Silicon photonics uses well-established silicon processing, packaging and testing technology to increase the complexity of photonic integrated circuits (PICs) for applications, such as advanced 5G communication systems, next generation data centers, the Internet of Things, and advanced automotive radar systems [1] [2] [3] [4] [5] [6] . Based on the high index contrast, low propagation loss silicon-on-insulator (SOI) waveguide platform, a wide variety of large scale silicon PICs have been demonstrated, such as two-dimensional photonic phased arrays [1] , broadband silicon photonic switches [2] , and multipurpose optical signal processors [3] . It is preferable to further integrate lasers and amplifiers within the large-scale silicon PICs. However, due to the indirect bandgap of Si, the lasing efficiency is extremely low compared to its III/V counterparts [4] . Recent research has demonstrated different approaches to address this problem [5] . Among them, wafer bonding technology shows great flexibility for integrating lasers at wavelengths from near-infrared to middle-infrared [7] . The highest level of integration in a heterogeneously integrated photonic chip with 440 active and passive components was demonstrate by Chong et al. [6] . Future advanced applications put higher requirements on bandwidth, transmission speed, and power consumption. Wavelength-division multiplexing (WDM) is the most straightforward way to improve the PIC capacity [6] . Mode-locked lasers are attractive WDM sources in terms of footprint, control simplicity and power consumption, as they can generate broadband optical spectrum of multiple phase-correlated laser lines with a fixed spacing that is defined by the cavity length. In addition, high speed short pulse generation in the time domain makes them a promising candidate in time-division multiplexing (TDM) systems [8] . Other applications are interchip/intrachip clock distribution, arbitrary waveform generation, millimeter wave signal generation, high-speed photonic analog-to-digital conversion [9, 10] .
Passively mode-locked lasers can emit high speed pulses from several gigahertz up to terahertz without the need of an external RF modulation signal [11] . However, due to the absence of a synchronized timing source, the lasers suffer significant pulse to pulse timing jitter originated mainly from amplified spontaneous emission (ASE) noise, which is also reflected on the broad RF linewidth [12] . One way to suppress the ASE noise is to lower the optical confinement factor Γ in order to reduce the amount of ASE noise coupled to the oscillating mode [12, 13] . Based on the wafer bonding technique, it is quite easy to control the confinement factor by varying the III/V gain length and the silicon waveguide width, which offers great design flexibility [14] . An alternative method is to deploy an external feedback cavity to store the coherent photon energy and feed a small portion of light back into the cavity to suppress the ASE noise, which can also help to enhance the mode-locking quality, leading to large RF linewidth reduction [15] [16] [17] [18] [19] . However, previously reported free space or fiber loop based optical feedback (OFB) configurations suffer from mechanical and thermal instabilities due to bulk components, which will compromise the performance of the laser in long term stability and add complexity for full integration. Monolithic integration with an on-chip feedback cavity, on the contrary, offers the opportunity to get rid of all the external optical bulk components, such as lenses, mirrors, polarization controllers, and attenuators [20] [21] [22] . Their small form factor, power efficiency, and possibility to integrate with other components make them promising in chip level integration within large scale PICs.
In this paper, we demonstrate a fully integrated 19 GHz colliding pulse mode-locked semiconductor laser (CPMSL) with tunable on-chip feedback by leveraging CMOS compatible heterogeneous silicon platform that provides low loss SOI waveguides and efficient light generation via bonding high-quality III/V material [23] . Benefiting from the low loss Si waveguide, no extra semiconductor optical amplifier (SOA) in the feedback cavity is needed, which simplifies the feedback signal control as well as eliminating the excess ASE noise introduced by the SOA. The length of the on-chip external cavity is designed to be twice the laser fundamental cavity length to realize resonant feedback [24] . The on-chip external cavity contains two phase tuners, one of which is placed in one arm of the interferometer, for controlling the OFB signal strength and the other in the feedback cavity to further adjust the OFB phase. 4.7x improvement of RF linewidth as well as pulsewidth shortening can be obtained by precisely tuning the feedback signal strength and phase. This monolithically integrated CPMSL chip employs loop mirrors that can fully take advantage of high resolution optical lithography to precisely define the fundamental cavity length and remove the cleave uncertainty once and for all, enabling further integration within more complex PICs. Figure 1 shows the schematic diagram of the fully integrated heterogeneous CPMSL with onchip optical feedback cavity. The CPMSL was fabricated using a heterogeneous silicon/III-V wafer bonding photonic integration process [25] . The colliding pulse mode-locking design cavity, which is formed by two loop mirrors, has a cavity length of 3.94 mm, corresponding to a fundamental mode-locking frequency of ~9.6 GHz. The saturable absorber (SA) section is positioned at the middle of the cavity, enabling second harmonic mode locking operation. The total gain section length is 1200 μm, the SA length is 40 μm with two 15 μm isolation trenches in between the gain and SA section. The reflectivities of front and back loop mirrors are 15% and 85%, respectively. The output port connecting to the front mirror is 7° angled to minimize unintentional reflections. By introducing an external cavity connected through the back-loop mirror, the optical feedback mechanism can be realized on chip. The total length of the feedback cavity is designed to be twice the fundamental cavity, and comprises two thermal phase tuners, a 2 × 2 multimode interferometer (MMI), two 1 × 2 MMIs and a monitor photodiode (MPD), which has a responsivity of ~0.85 A/W. It is terminated by two 100% reflectivity loop mirrors. By thermally tuning the phase of one of the aforementioned loop mirrors in the external cavity, the interference condition inside the 2 × 2 MMI can be controlled precisely, leaving the OFB strength carefully controlled and simultaneously monitored by the MPD. Combined with the control of the feedback cavity phase, the final mode-locking quality can be improved, leading to the anticipated cavity noise suppression and RF linewidth reduction. The gain, SA section and the MPD share the same III/V material and were wafer bonded onto the top of the pattered SOI waveguide. The silicon waveguide propagation loss is below 2 dB/cm. The total chip size is approximately 3.7 mm × 0.7 mm. 
CPMSL chip design

Experimental results and discussion
The fabricated CPMSL chip was tested on a copper heatsink with a fixed stage temperature of 20.ºC A probe card with combined RF ground signal (GS) and DC contacts was used to facilitate the passive mode locking test. The optical output signal was collected by a 2-µm single mode anti-reflection coated lensed fiber. Due to the angled output waveguide of the chip, the fiber boat was placed 23º tilted to the normal of the cleaved facet to maximize the coupling efficiency (coupling loss around 6 -7 dB). The signal was then split and routed to an optical spectrum analyzer (Yokogawa, AQ6370C), an electronic spectrum analyzer (50-GHz u 2 t photodiode with Rohde&Schwarz, FSU) and an autocorrelator (Femtochrome, FR-103MN) for optical spectrum, frequency domain and time domain autocorrelation analysis, respectively.
Laser basic characteristics without on-chip feedback
The fiber coupled output power and dynamic resistance as a function of forward gain section current of the CPMSL under different reverse biased voltage (two phase sections left floating) were first characterized, as shown in Fig. 2(a) . It can be seen clearly that the threshold current of the laser increased gradually from 31 mA to 42 mA when the bias on the SA is ramped from 0 V to −2 V with a step of 0.5 V. The slope efficiency as well as the maximum coupled output power also decreased due to the increased absorption in the reverse biased SA section. The dynamic resistance (dV/dI) curve of the chip under different SA bias is also plotted in Fig. 2(a) . A sharp drop in resistance corresponding to the beginning of lasing can be observed due to carrier density clamping effect. The drop point follows the increase of the threshold. The series resistance was constant at slightly below 3 Ω after the laser started lasing. The passive colliding pulse mode locking area of the CPMSL was then investigated by sweeping the forward biased gain section current and reverse biased SA section voltage (two phase section of the on-chip feedback cavity left floating). The criterion to decide a good mode locking state is restricted to the corresponding second harmonic frequency tone's signal to noise (SNR) ratio larger than 30 dB with pulse width narrower than 5 ps. As exhibited in Fig. 2(b) , a wide mode locking area is obtained under the aforementioned criterion with forward current ranging from 60 mA to 160 mA and reverse voltage ranging from 0.2 V to 1.8 V. For most recorded mode locking points, the 2nd RF peak SNR ratio is larger than 50 dB. The corresponding pulse mapping diagram is presented in Fig. 2(c) . It is interesting to note that narrower pulses occurred at lower current and reverse voltage bias. The timebandwidth product (TBP) under these conditions tend to be close to the transform limited value (not shown in the graph), suggesting effective pulse shaping mechanism between the gain and SA section [26] . Increasing the gain and SA bias leads the pulse to experience more self-phase modulation that adds chirping to the pulse, resulting in larger TBP. The narrowest pulse is obtained at Igain = 90 mA, V SA = -0.6 V, which is shown in Fig. 2(d) . The pulsewidth is 1.9 ps when fit to a hyperbolic secant squared pulse profile. Full width half maximum of the corresponding spectrum shown in Fig. 2(e) is 1.1 nm, leading to a nearly transform limited TBP value of 0.37. Figure 2(f) gives the frequency performance of the laser in a 50-GHz span view. A sharp RF peak with a SNR > 60 dB at the second harmonic frequency tone around 19.2 GHz with its higher order harmonic can be seen. The fundamental frequency of the laser is suppressed perfectly, showing excellent colliding pulse mode locking quality. 
Laser performance with on-chip feedback
Output power
The characterization of the performance of the laser with on-chip resonant optical feedback was then carried out. Intuitively, the output power should increase when the OFB is injected into the fundamental cavity, as is the case shown in Figs. 3(a) and 3(b) , where the laser was operated under continuous wave (CW) mode as a traditional Fabry-Perot (FP) laser with gain and SA section forward biased together at 150 mA. Thermally tuning the mirror phase section on one arm of the 2 × 2 MMI changes the internal interference condition and varies the power ratio between the two output ports, one connected to the MPD, the other connected to the feedback cavity, leading to the precisely controlled OFB power. From Figs. 3(a) and 3(b) , it is found that when tuning the mirror phase to around 5 mW and 30 mW, all the optical power in the feedback cavity goes into the MPD, the photocurrent increases to its maximum, while the output power of the laser goes down to their local minimum. In between the two minima, the output power of the laser varies randomly and independent of the cavity phase section tuning. However, the laser exhibits distinct characteristics when it operates in a mode locked (ML) state. Figures 3(c) and 3(d) present the 3D mapping diagrams of the fiber coupled output power and MPD photocurrent of the CPMSL under minimum pulsewidth condition (Igain = 90 mA, V SA = -0.6 V), respectively. It is clear to see that periodic variation of fiber coupled output power and MPD photocurrent are both dependent on mirror phase power (MPP) and cavity phase power (CPP). Although the output power variation is small (around 0.06 mW), it is opposite to the FP case. The output power of the ML case reaches its maximum in accordance with the MPD photocurrent, and decreases with the decrease of the photocurrent. This means more OFB power injected into the fundamental cavity, less output power collected by the fiber. The explanation behind this phenomenon lies in the coherent feedback mechanism [27] . With on-chip feedback, the accumulated round-trip phase of each lasing mode under feedback must satisfy the cavity resonance condition. Stronger feedback along with carrier density change allows multiple potential modes possible around each original fundamental cavity mode. Among those modes, the one with closest to the in-phase reinjection condition can obtain the lowest threshold gain and become the dominant mode in the spectrum. However, due to chromatic dispersion effect in the waveguide, not all the modes in the OFB wave packet can be tuned to realize in-phase reinjection to the fundamental cavity, which means modes near in-phase feedback condition are preferred, while the other modes are forced to suffer higher threshold gain due to phase locked property of mode-locked lasers. This effect manifests lasing wavelength shift as well as peak wavelength change as shown in Fig. 4(d) when the MPP is tuned from 4.5 mW (minimum OFB) to 18.4 mW (close to maximum OFB). Under this case, modes on the shorter wavelength side show resonance enhancement while modes on the other side are weakened. A huge periodic suppression of particular certain modes also can be seen along the wavelength span in Fig. 4(d) , indicating those modes are far away from the in-phase feedback condition that suffer from the highest threshold gain. Greater the OFB power, bigger suppression is exhibited. The total effects lead to the output power decrease with the increase of the OFB power. This is in contradictory to the FP case, where random phase relationship exhibits among these lasing modes that all the modes could be selected at their lowest threshold gain, leading to an overall increased output power under OFB albeit without periodicity. Power integrals of the mode-locked spectra further validate the descending trend on the fiber coupled output power with increase of the OFB strength. Varying the cavity phase section power, on the other direction, changes the phase of the OFB signal periodically. Consequently, those modes which has the lowest threshold gain can again be dominant, leading to a change of the output spectrum accordingly as shown in Fig. 4(e) , as well as the less prominent periodic variation of the output power. An estimation of the on chip feedback cavity length was done by employing the method proposed in [28] , where a Fourier transform of the subthreshold optical spectra of the laser (gain and SA section forward biased together at 20 mA) from the wavevector to the length domain was carried out. The results show that the laser feedback cavity length design is slightly shorter than the desired integer value of two times, which, however, wouldn't affect the resonant condition as the range of feedback cavity length for the resonant regime is relatively broad, especially when the operating point is several times larger than the threshold (in this case, around 3x) [17, 24] . We would like to point out that the laser actually always has some level of on-chip OFP even if the MPP is zero, which is caused by the fabrication variation of the 2 × 2 MMI leading to slight power splitting ratio deviation.
Pulsewidth
The pulsewidth evolution as a function of MPP and CPP is shown in Fig. 4(a) . Clearly regular pulse evolving pattern can be observed under the strength and phase tuning of the OFB signal. Two cross-sections of the pulsewidth and MPD photocurnent under fixed CPP (8 mW) and fixed MPP (18.4 mW) are exhibited in Figs. 4(b) and 4(c) , respectively, to elucidate the influence of the OFB signal. Generally, from Fig. 4(b) , it can be found that the pulsewidth varies periodically as the same trend as the variation of the MPD photocurrent, suggesting more OFB power, narrower the pulse. Pulsewidth broadens at strongest OFB power around MPP 17.5 mW. This result is in a good agreement with the numerical analysis in [29], indicating our resonant feedback cavity design is quite accurate. A comparison of the corresponding spectra under maximum pulsewidth (2.06 ps, CPP: 8 mW, MPP: 4.5 mW) and minimum pulsewidth (1.83 ps, CPP: 8 mW, MPP: 18.4 mW) condition is plotted in Fig. 4(d) . It shows a clear spectral change with the increase of the OFB power due to the aforementioned coherence feedback mechanism. Under this case, due to the suppression of the center wavelength, side modes can share more gain thus increase the effective 3 dB spectral bandwidth. This leads to the corresponding pulsewidth reduction as shown in Fig.  4(f) . The occurrence of the side lobes is caused by the periodic mode suppression effect exhibited in the spectrum. Tuning the cavity phase section power further modifies the phase of the OFB signal, leading to the periodic variation of the coherent resonance condition between fundamental cavity modes with OFB signal. This, in turn, influences the spectral 3 dB effective bandwidth periodically, as shown in Fig. 4(e) , giving rise to the corresponding periodic variation of the pulsewidth as presented in Fig. 4 (c) . More theoretical modelling work on spectrum and pulse shape variation needs to be done to further justify this phenomenon, and will be reported in a future publication. 
RF 3 dB linewidth
RF linewidth measurement of the CPMSL with on-chip OFB is then followed by changing the phase section bias sources to low noise battery sources (ILX LDX-5620B) to get isolation from wall plug power due to the laser sensitivity to external noise. The gain and SA section were biased by linear current and voltage sources due to the limit number of battery sources at the moment. The GS probe was also employed to measure the second harmonic RF signal directly from the SA section. Figure 5(a) shows the RF 3 dB linewidth evolution as a function of the MPP and CPP. Blue shaded squares represent the preferable phase section operation conditions where narrow RF 3 dB linewidth can be obtained. Less regular evolving pattern than that of the pulse evolution mapping diagram can be observed caused by the excess noise, but we can still recognize that with the help of the RF peak mapping diagram shown in Fig.  5(b) . It can be observed from Fig. 5(b) that the colliding pulse repetition frequency of the laser increase with the increase of the OFB pulse strength (MPP: ~4.5 mW to ~17.5 mW). It indicates the effective index of the fundamental cavity decrease due to stronger OFB signal reinjection, corresponding to the wavelength shift effect shown in Fig. 4(d) . The RF peak also exhibit periodical variation due to its self-adaption to the OFB reinjected pulses [30] , which have a leading or trailing position compared to the unperturbed fundamental cavity pulses that introduced by cavity phase section periodic tuning. When comparing the two mapping graphs, it is interesting to note that narrower RF linewidth points are mostly occurred at conditions where the laser operating frequency is around its natural mode locking rate under on-chip OFB (blue shaded areas under weak OFB from MPP 0 mW to around 7.5 mW and green shaded areas under strong OFB from MPP around 11 mW to 16 mW, frequency deviation within this area is below 5 MHz). The missing points in Fig. 5(a) around MPP 17.5 mW indicate the RF 3 dB linewidth is larger than 100 kHz. This corresponds to a maximum OFB reinjection power on the order of −11 dBm when taking MPD's responsivity, waveguide loss and back mirror reflectivity into consideration. This phenomenon combined with the pulsewidth rebroadening behavior at strongest on-chip OFB power suggest the mode locked laser operation status might be close to its own coherence collapse region [31] . The narrowest RF 3 dB linewidth of 6 kHz is obtained around MPP 15 mW and CPP 25 mW as shown in Fig. 5(c) when fitting to a Voigt function. Comparing with the 28 kHz RF 3 dB linewidth of the chip without on-chip OFB around MPP 4.5 mW, a reduction factor of 4.7 is obtained. Corresponding timing jitter under this state is 1.2 ps, integrated from 100 kHz to 100 MHz. Packaging of the laser is expected to improve the laser long-term stability. A further comparison with single fiber loop based OFB mechanism was investigated by biasing the laser without on-chip feedback (bias condition same as above). The fiber loop length is around 23 m according to the side mode spacing exhibited in the frequency spectrum, including circulator, coupler, polarization controller, praseodymium doper fiber amplifier, etc. A striking RF 3 dB linewidth reduction down to 766 Hz (fitted by the Voigt function) can be obtained under feedback power around -4.4 dBm (power reflected to the front facet monitored by power meter). This is expected because the longer OFB cavity length (within the coherence length) and the stronger OFB power give a better noise suppression and RF linewidth reduction [32] . However, multiple supermode noise resonances with frequency spacing corresponding to the fiber loop length occurred around the main mode locking frequency can compromise the practicability of the laser. Although dual fiber loop configuration can address this issue to some extent, its stability further limits practical applications [15] . Our monolithically integrated CPMSL chip with on-chip feedback cavity has demonstrated its precise control on OFB strength and phase with better stability performance. Future dual on-chip feedback cavity can be designed to further improve the RF performance. Integration of long ultralow loss silicon nitride waveguide with propagation loss below 0.1 dB/m is also preferable [33].
Conclusion
In conclusion, we have thoroughly characterized and analyzed an O-band 19 GHz colliding pulse mode locked laser with on-chip resonant optical feedback mechanism built on the silicon heterogeneous integration platform. The laser exhibits wide mode locking area with excellent mode locking quality. By tuning the strength and phase of the on chip OFB signal, clear pulse shortening from 2.06 ps down to 1.83 ps and RF 3 dB linewidth reduction from 28 kHz down to 6 kHz are demonstrated. These results set new records for a fully integrated CPMSL on silicon operating in the O-band. Future designs incorporating a dual on-chip feedback cavity configuration and ultralow loss silicon nitride waveguide could further improve the laser performance. On-chip generation of tens of gigahertz high repetition rate pulses with 3 dB RF linewidth down to sub-kilohertz is anticipated. The excellent performance combined with its small form factor, inherent stability and precise control capability of the CPMSL chip make it a promising pulse source for low noise and high frequency applications, such as high speed communication systems, photonic assisted sampling, interchip/intrachip optical interconnects and clock distribution.
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